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Abstract: Cystathionine b-synthase (CBS) catalyzes the formation of L-cystathionine from L-serine

and L-homocysteine. The resulting L-cystathionine is decomposed into L-cysteine, ammonia, and a-
ketobutylic acid by cystathionine c-lyase (CGL). This reverse transsulfuration pathway, which is

catalyzed by both enzymes, mainly occurs in eukaryotic cells. The eukaryotic CBS and CGL have

recently been recognized as major physiological enzymes for the generation of hydrogen sulfide
(H2S). In some bacteria, including the plant-derived lactic acid bacterium Lactobacillus plantarum,

the CBS- and CGL-encoding genes form a cluster in their genomes. Inactivation of these enzymes

has been reported to suppress H2S production in bacteria; interestingly, it has been shown that
H2S suppression increases their susceptibility to various antibiotics. In the present study, we char-

acterized the enzymatic properties of the L. plantarum CBS, whose amino acid sequence displays

a similarity with those of O-acetyl-L-serine sulfhydrylase (OASS) that catalyzes the generation of
L-cysteine from O-acetyl-L-serine (L-OAS) and H2S. The L. plantarum CBS shows L-OAS- and

L-cysteine-dependent CBS activities together with OASS activity. Especially, it catalyzes the

formation of H2S in the presence of L-cysteine and L-homocysteine, together with the formation of
L-cystathionine. The high affinity toward L-cysteine as a first substrate and tendency to use

L-homocysteine as a second substrate might be associated with its enzymatic ability to generate

H2S. Crystallographic and mutational analyses of CBS indicate that the Ala70 and Glu223 residues
at the substrate binding pocket are important for the H2S-generating activity.
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Introduction
Cystathionine b-synthase (CBS; EC 4.2.1.22), which

is an enzyme requiring pyridoxal 50-phosphate (PLP)

as a cofactor, works in a reverse transsulfuration

pathway to generate L-cysteine from L-serine and L-

methionine.1–3 CBS catalyzes a b-replacement reac-

tion in which the hydroxyl group of L-serine is

replaced by L-homocysteine to yield L-cystathionine.

The resulting L-cystathionine is decomposed into L-

cysteine, ammonia, and a-ketobutylic acid by anoth-

er PLP-dependent enzyme, cystathionine g-lyase

(CGL; EC 4.4.1.1).3–5 This reverse transsulfuration

pathway catalyzed by CBS and CGL mainly occurs

in eukaryotic cells. In humans, L-homocysteine,

which is a nonessential amino acid synthesized from

L-methionine, is recognized as a toxic compound.6

Increased plasma level of L-homocysteine, mainly

caused by CBS deficiency, represents a risk indicator

for thrombosis, atherosclerosis, and vascular disease,

but it is not necessarily the causal factor. CBS-

deficient homocystinuria is an autosomal recessive

inborn error of metabolism resulting from mutations

in the CBS gene.

The catalytic mechanism of CBS is shown in

Figure 1. PLP forms an internal aldimine bond with

the amino group of a Lys residue in the active site of

the enzyme. In the first step of the catalysis of CBS,

an external aldimine linkage is formed between the

amino group of L-serine as the first substrate and

the PLP at the active site. The Lys residue then acts

as a base to catalyze an eliminative double bond for-

mation, resulting in the release of a hydroxyl group

and the generation of an a-aminoacrylate intermedi-

ate. The subsequent step is the nucleophilic attack

of the thiol group of L-homocysteine on the b-carbon

of the intermediate. As a result, L-cystathionine is

generated in the form of an external aldimine

adduct with PLP. When an amino group of the Lys

residue again forms the internal aldimine bond, the

product is released.

In addition to playing important roles in sulfur

amino acid metabolism, human CBS and CGL have

been recognized as major physiological resources

of H2S, which is the third identified physiological

gasotransmitter after nitric oxide and carbon monox-

ide.7 In general, H2S is an important signaling mole-

cule for the cardiovascular and nervous systems.

The molecule induces smooth muscle relaxation, and

exhibits anti-inflammatory and cytoprotective

effects. With respect to the generation of H2S cata-

lyzed by CBS,8–10
L-cysteine is used as the first sub-

strate instead of L-serine. H2S is generated together

Figure 1. Catalytic mechanism of CBS and OASS for the syntheses of L-cystathionine and L-cysteine, respectively. X represents

a hydroxyl group in L-serine or an acetoxyl group in L-OAS. The a-aminoacrylate intermediate is formed after the generation of the

external aldimine formed between the first substrate (L-serine or L-OAS) and PLP. Y represents the anionic form of the second

substrate (L-homocysteine or H2S), which nucleophilically attacks the b-carbon of the a-aminoacrylate intermediate. After the for-

mation of an external aldimine between the product (L-cystathionine or L-cysteine) and PLP, the product is released concomitantly

with the regeneration of an internal aldimine bond.
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with the formation of a-aminoacrylate intermediate.

The resulting intermediate may be degraded to

ammonia and pyruvate, or may be converted to b-

substituted-L-alanine by a b-replacement reaction

with a nucleophilic group, such as hydroxide ion

to form L-serine, or thiol group of L-cysteine or L-

homocysteine to form L-lanthionine or L-cystathionine,

respectively.

In many Gram-positive bacterial species, such

as Bacillus subtilis, Bacillus anthracis, Staphylococ-

cus aureus, and Lactobacillus plantarum, and in a

few Gram-negative bacterial species, such as Helico-

bacter pylori and Pseudomonas aeruginosa, the

putative CBS- and CGL-encoding genes are in a

cluster in their genomes. In B. subtilis11 and H.

pylori,12 the CBS and CGL genes are clustered

together with a putative S-adenosyl-L-homocysteine

nucleosidase gene, which might play a role in pro-

viding S-ribosyl-L-homocysteine as a precursor for L-

homocysteine. In addition, the B. subtilis CBS,

which is also referred to as YrhA or MccA, has been

shown to be an O-acetyl-L-serine (L-OAS)-dependent

enzyme.11 Unlike its eukaryotic counterpart, the

enzyme catalyzes the CBS reaction only when L-

serine is acetylated. In L. plantarum, the CBS and

CGL genes are clustered together with a putative L-

serine O-acetyltransferase gene,13 which might play

a role in providing L-OAS. Amino acid sequences of

CBS display a similarity with those of L-OAS sulfhy-

drylase (OASS; EC 2.5.1.47). OASS enzymes, which

directly catalyze the synthesis of L-cysteine from L-

OAS and H2S (Fig. 1), are found in many bacteria

and plants.14,15 The B. subtilis CBS has been

reported to exhibit OASS activity at almost the

same level as the L-OAS-dependent CBS activity.11

However, OASS activity of the B. subtilis CBS in the

presence of high concentrations of the substrates L-

OAS and Na2S is about 100-fold lower than that of

its own OASS-A (also called CysK). Considering

gene organization and the low efficiency of the CBS

enzyme to use H2S, cluster genes might play a role

in the transfer of sulfur from L-homocysteine to L-

cysteine, rather than in the fixation of sulfur.

It has been reported that deletion of the gene

cluster consisting of the putative CBS and CGL

genes in B. anthracis and P. aeruginosa suppresses

H2S production.16 Moreover, addition of inhibitors

against the human CBS and CGL reduces H2S pro-

duction in B. anthracis, P. aeruginosa, and S. aure-

us.16 Like the eukaryotic counterparts, both the

bacterial CBS and CGL enzymes may play roles in

the generation of H2S, together with possible roles

in the synthesis of L-cysteine from L-methionine.

Surprisingly, deletion of the CBS and CGL genes

and/or chemical inactivation of these enzymes ren-

der these pathogens highly sensitive to various anti-

biotics, although exogenous H2S suppresses this

effect. The H2S-mediated antibiotic resistance

mechanism might involve a reduction in the oxida-

tive stress imposed by the drugs. These findings

indicate that compounds inhibiting the bacterial

CBS or CGL can be useful in increasing the efficien-

cy of antibiotics.

Similarity analysis of amino acid sequences of

putative bacterial CBS enzymes, encoded by the clus-

ter, suggests that such enzymes can be classified into

two types, which we defined as A and B (Fig. 2). Simi-

larly, OASS enzymes are classified into two types, A

and B, based on their amino acid sequences.14,15 In

particular, OASS-B isozymes are known to have a

high ability to synthesize S-sulfo-L-cysteine using L-

OAS with thiosulfate. Type-A bacterial CBS enzymes,

which include putative CBSs from B. subtilis, B.

anthracis, H. pylori, S. aureus, and L. plantarum, are

more similar to OASS-A enzymes rather than to

eukaryotic CBS enzymes. Eukaryotic CBSs have an

N-terminal heme-binding domain and a C-terminal

S-adenosyl-L-methionine-binding regulatory domain,

in addition to a catalytic domain.1,17–19 On the other

hand, bacterial CBS-A enzymes, including the L.

plantarum CBS, only have a catalytic domain, similar

to the bacterial OASS-A and OASS-B enzymes. Given

the enzymatic properties of the B. subtilis CBS,11 the

enzymes classified into type A should have an L-OAS-

dependent CBS activity. On the other hand, type-B

bacterial CBS enzymes, which include putative CBSs

from P. aeruginosa, Mycobacterium tuberculosis, and

Bifidobacterium longum, have a C-terminal extension

and sequence similarity with eukaryotic CBS

enzymes. It is currently unknown whether bacterial

CBS-B enzymes need L-OAS for their CBS activities

and if the C-terminal extension plays a role in the cat-

alytic reaction.

To develop a drug inhibiting the H2S generation

in bacteria, characterization of the H2S-generating

enzyme and the identification of the critical residues

may be important. In the present study, we deter-

mined the detailed enzymatic properties and the

crystal structure of the putative CBS enzyme from

L. plantarum SN35N, which was previously isolated

from pear in our laboratory,20,21 as a representative

of bacterial CBS-A enzymes.

Results

Enzymatic characterization of the L. plantarum

CBS
The L. plantarum CBS with C-terminal His6-tag,

which was overexpressed in Escherichia coli and puri-

fied almost to homogeneity, displays OASS activity

(Reaction 1 in Fig. 3) as well as L-OAS-dependent

CBS activity (Reaction 2 in Fig. 3), but not a general

CBS activity. In addition, the L. plantarum CBS has a

low ability to synthesize S-sulfo-L-cysteine.

Kinetic parameters for the OASS and the L-OAS-

dependent CBS activities have been determined
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Figure 2. Sequence alignment of the L. plantarum CBS (Lp-CBS-A) with other CBS and OASS enzymes. Hp-CBS-A, H. pylori

CBS-A; Bs-CBS-A, B. subtilis CBS-A; Pa-CBS-B, P. aeruginosa CBS-B; Dm-CBS, D. melanogaster CBS; Ec-OASS-A, E. coli

OASS-A; Ec-OASS-B, E. coli OASS-B. The fully conserved residues in all sequences are marked with black shading. The resi-

dues conserved in more than five enzymes are marked with gray shading. In addition, secondary structures of the monomer in

the L-methionine-bound L. plantarum CBS are shown above the sequence.
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(Table I). OASS activity of the L. plantarum CBS was

significantly inhibited when L-OAS was added at high

concentrations. The substrate inhibition is frequently

observed for the OASS enzymes. For example, the

OASS-A enzyme from Salmonella typhimurium (cur-

rently Salmonella enterica subsp. enterica serovar

Typhimurium) showed the substrate inhibition by

both substrates (L-OAS and Na2S).22 Numerical anal-

ysis suggested that L-OAS inhibits the catalytic activi-

ty of the L. plantarum CBS by the binding to the L-

OAS-bound and the aminoacrylate-bound forms with

different binding affinities (Table I). On the other

hand, in the L-OAS-dependent CBS activity, the sub-

strate inhibition was observed under the high concen-

tration of L-homocysteine. The L-homocysteine may

inhibit the activity mainly by the binding to the

substrate-free form, since the KI1 value was calculat-

ed to be much smaller than the KI2 value (Table I). In

the OASS and L-OAS-dependent CBS reactions,

the Km value for L-OAS and kcat are similar (Table I).

In addition, the Km for Na2S in L-cysteine synthesis is

similar to that for L-homocysteine in L-cystathionine

synthesis (Table I). Therefore, the kcat/Km values for

L-OAS and Na2S in L-cysteine synthesis (1.4 6 0.2 3

104 and 5.8 6 0.8 3 104 M21s21, respectively) is

similar to those for L-OAS and L-homocysteine in

L-cystathionine synthesis (1.9 6 0.5 3 104 and 7.9 6

1.3 3 104 M21s21, respectively).

The enzymatic ability of the L. plantarum CBS

to generate H2S was also analyzed. When L-cysteine

was used as the only substrate for the L. plantarum

CBS, H2S was generated with a low efficiency (the

kcat/Km value was determined to be 1.2 6

0.1 3 102 M21s21, Table I). Namely, although the L.

plantarum CBS can produce L-cysteine from L-OAS

and H2S by the OASS activity, the enzyme can react

with L-cysteine to generate H2S. The possible

byproducts formed from L-cysteine, which are cogen-

erated together with H2S by CBS, are pyruvate, L-

serine, or L-lanthionine (Reaction 4 in Fig. 3).10

After addition of L-cysteine to the L. plantarum

CBS, pyruvate was not detected in the reaction mix-

ture where the coupling enzyme L-lactate dehydroge-

nase and its cofactor NADH were present. On the

other hand, HPLC analysis confirmed that lanthio-

nine was formed in the reaction mixture, although

L-serine was not. Configuration of the product was

not determined, because a mixture of L-, D-, and

meso-forms was used as an authentic sample. How-

ever, the product of the L. plantarum CBS is highly

likely to be L-lanthionine.

The generation of H2S by the L. plantarum CBS

was greatly improved by using a mixture of L-

cysteine and L-homocysteine, similar to the case of

eukaryotic CBSs.10 Maximum velocity of the H2S

synthesis in the presence of L-homocysteine is

Figure 3. Reactions catalyzed by the L. plantarum CBS characterized in the present study.
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6.9-fold higher than that in the absence of

L-homocysteine, although the Km value for L-cysteine

was reduced 1.5-fold in the presence of L-

homocysteine (Table I). Therefore, the kcat/Km value

for L-cysteine in the presence of L-homocysteine

(1.3 6 0.3 3 103 M21s21) is one order higher than

that in the absence of L-homocysteine (1.2 6

0.1 3 102 M21s21). HPLC analysis suggested that

L-cystathionine is a major byproduct generated from

the equimolar mixture of L-cysteine and L-

homocysteine (Reaction 5 in Fig. 3), while L-

lanthionine is a minor one. These results indicate

that the L. plantarum CBS prefers L-homocysteine

to L-cysteine as a second substrate.

Maximum velocities of the H2S synthesis using L-

cysteine as a first substrate (1.1 6 0.1 and 7.6 6 0.9 s21

for Reactions 4 and 5, respectively, Table I) are signifi-

cantly lower than those of the reactions using L-OAS as

a first substrate (110 6 9 and 77 6 7 s21 for Reactions

1 and 2, respectively, Table I). However, the kcat/Km val-

ue for L-homocysteine in Reaction 5 (1.4 6

0.3 3 104 M21s21) is comparable with that for Na2S in

Reaction 1 (5.8 6 0.8 3 104 M21s21) or with that for L-

homocysteine in Reaction 2 (7.9 6 1.3 3 104 M21s21).

These data suggest that the enzyme can significantly

generate H2S from L-cysteine when the concentration of

H2S is lower than that of L-homocysteine.

Spectroscopic analysis of the L. plantarum CBS

When L-OAS (1 mM) was added to the CBS solution

(10 lM), the wavelength showing the maximum

absorbance shifted from 412 to 470 nm, along with a

concomitant increase in absorbance at 330 nm [Fig.

4(A)], indicating the formation of the aminoacrylate

intermediate.22–24 In general, a-aminoacrylate bound

to PLP in the active site of OASS or CBS is slowly

degraded to pyruvate or L-serine in the absence of a

second substrate.10,23 HPLC analysis suggested that

the L. plantarum CBS enzyme does not accelerate

the conversion of L-OAS to L-serine. On the other

hand, in contrast from the case of L-cysteine addition

to the L. plantarum CBS, the formation of pyruvate

(Reaction 3 in Fig. 3) was increased in a manner

dependent on L-OAS concentration, suggesting that

the aminoacrylate intermediate was converted to

pyruvate in the absence of a second substrate. How-

ever, the kcat/Km value for L-OAS in pyruvate syn-

thesis (4.3 6 1.2 3 102 M21s21, Table I) is

significantly lower than that in L-cystathionine syn-

thesis (1.9 6 0.5 3 104 M21s21) or that in L-cysteine

synthesis (1.4 6 0.2 3 104 M21s21).

When L-cysteine was added to the L. plantarum

CBS solution, the wavelength displaying the maxi-

mum absorbance was immediately shifted from 412

to 420 nm, together with a decrease in absorbance

Table I. Kinetic and Affinity Parameters

Wild type A70S E223G

Reaction 1 kcat (s21) 110 6 9 3.9 6 0.5 5.0 6 0.7
Km for L-OAS (mM) 8.0 6 0.8 0.75 6 0.15 28 6 5
KI1 for L-OAS (mM) 43 6 6 – 23 6 7
KI2 for L-OAS (mM) 15 6 2 – 71 6 19
kcat/Km for L-OAS (M21s21) 1.4 6 0.2 3 104 5.2 6 1.2 3 103 1.8 6 0.4 3 102

Km for Na2S (mM) 1.9 6 0.2 1.8 6 0.3 0.28 6 0.07
kcat/Km for Na2S (M21s21) 5.8 6 0.8 3 104 2.1 6 0.3 3 103 1.8 6 0.5 3 104

Reaction 2 kcat (s21) 77 6 7 3.5 6 0.4 2.4 6 0.3
Km for L-OAS (mM) 4.2 6 1.1 0.47 6 0.17 19 6 4
kcat/Km for L-OAS (M21s21) 1.9 6 0.5 3 104 7.5 6 2.9 3 103 1.2 6 0.3 3 102

Km for L-homocysteine (mM) 1.0 6 0.1 2.7 6 0.5 0.26 6 0.08
KI1 for L-homocysteine (mM) 1.2 6 0.4 1.3 6 0.5 –
KI2 for L-homocysteine (mM) 42 6 36 36 6 23 –
kcat/Km for L-homocysteine (M21s21) 7.9 6 1.3 3 104 1.3 6 0.3 3 103 9.2 6 3.0 3 103

Reaction 3 kcat (s21) 0.014 6 0.001 NDa NDb

Km for L-OAS (mM) 0.034 6 0.009 NDa NDb

kcat/Km for L-OAS (M21s21) 4.3 6 1.2 3 102 NDa NDb

Kd for L-OAS (lM) 5.1 6 0.2 < 0.1 NDb

Reaction 4 kcat (s21) 1.1 6 0.1 NDc 0.022 6 0.003
Km for L-cysteine (mM) 8.9 6 1.1 NDc 37 6 14
kcat/Km for L-cysteine (M21s21) 1.2 6 0.1 3 102 2.0 6 0.1 0.60 6 0.24

Reaction 5 kcat (s21) 7.6 6 0.9 2.0 6 0.3 0.33 6 0.09
Km for L-cysteine (mM) 5.9 6 1.2 3.0 6 0.2 37 6 14
kcat/Km for L-cysteine (M21s21) 1.3 6 0.3 3 103 1.5 6 0.2 3 103 8.9 6 4.2
Km for L-homocysteine (mM) 0.54 6 0. 08 20 6 2 0.40 6 0.13
KI1 for L-homocysteine (mM) 1.2 6 0.3 – –
KI2 for L-homocysteine (mM) 8.0 6 5.1 – –
kcat/Km for L-homocysteine (M21s21) 1.4 6 0.3 3 104 1.5 6 0.2 3 102 8.3 6 0.4 3 102

a Parameters were unable to be determined due to the very low reactivity.
b Due to protein aggregation, experiments could not be performed.
c Since Km was too high, Km and kcat could not be determined.
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and a concomitant increase in absorbance at 330 nm

[Fig. 4(B,C)]. The change in the absorption spectrum

after addition of L-cysteine was dependent on con-

centration. The decrease in absorbance at 420 nm as

well as the increase in absorbance at 330 nm was

more pronounced when the concentration of L-

cysteine was higher. Furthermore, absorbance

between 430 and 500 nm was increased by longer

incubations [Fig. 4(B,C)]. In the case of lanthionine

addition to the L. plantarum CBS solution, the

wavelength showing the maximum absorbance

immediately shifted from 412 to 420 nm, together

with an increase in absorbance below 350 nm [Fig.

4(D)]. Moreover, the absorbance between 430 and

500 nm was increased by longer incubations. In par-

ticular, one absorption peak appeared at 480 nm.

Overall structure of the L. plantarum CBS
The structures of the wild-type L. plantarum CBS

were determined with the molecular replacement

method, and refined at a 2.4 Å resolution (Table II).

One asymmetric unit in the crystal contains four

monomers. Like the majority of bacterial OASSs,14,15

the L. plantarum CBS takes a dimeric structure in

solution. In crystal, two monomers in the asymmetric

unit form a dimer, while each of the other two mono-

mers forms a dimer with a monomer in another asym-

metric unit, which is related by a crystallographic

twofold axis. The structural arrangement of the dimer

subunits [Fig. 5(A)] is very similar to that of bacterial

OASSs.

Each monomer of the L. plantarum CBS takes

the typical fold of type II PLP enzymes,25 with the

cofactor PLP covalently bound to an invariant Lys

residue (Lys42) in the active site. The chain fold con-

sists of eleven b-strands, eight a-helices, and three

310-helices that are arranged in two domains, which

are referred to as large and small domains [Fig.

5(B)]. The large domain consists of the residues

Thr13–Met34 and Pro146–Lys303 and has a central

five-stranded parallel b-sheet (b3, b11, b8, b9, b10),

with b2 as an antiparallel addition to one of the

edges (b3). This b-sheet is flanked by helices a5

through a8. The small domain contains the residues

His5–His12 and Met34–Asn145 with a central four-

stranded parallel b-sheet (b7, b4, b5, b6) flanked by

helices a1 through a4. N-terminal residues contain-

ing the b1-strand are positioned away from the

main body of the subunit. The b1-strand of one sub-

unit interacts with the b2-strand in the other subu-

nit in a parallel fashion.

CBS and OASS enzymes are known to take two

distinct conformations, open and closed.1–3,14,15

Binding of the first substrate into the active site of

the enzyme induces a structural change from the

open to the closed conformation, which is mediated

Figure 4. Absorption spectrum of the L. plantarum CBS. A: Absorption spectrum of solutions containing 10 lM CBS in the

absence (solid line) or in the presence of 1 mM L-OAS (dotted line). B, C: Changes in the spectrum after addition of 1 or

10 mM L-cysteine to a solution containing CBS, respectively. D: Changes in the spectrum after addition of 1 mM lanthionine to

a solution containing CBS. The bold line represents the spectrum before the addition of L-cysteine or lanthionine. The spectrum

was recorded every 3 min.
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by domain rotation. As a result, the binding pocket

for the first and second substrates becomes smaller.

In the crystal of the wild-type L. plantarum CBS,

which was grown in the absence of the substrate or

its analogs, each of the four monomers in the asym-

metric unit takes an open conformation [Figs. 5(C)

and 6(A)]. The monomeric structures are very simi-

lar to each other, and the rms deviation values

between pairs of two monomers were calculated

between 0.15 and 0.39 Å for 303 Ca atoms. When

compared among the four structures, the residues

Pro202–Ile225 were shown to be more varied than

the other residues. Specifically, the residues Pro202–

Ile225 were poorly defined in the electron density

map, and the B-factors were calculated to be larger

than the other residues.

In previous attempts to obtain structures of

OASSs with bound substrates, active site variants

carrying a substitution of the catalytic Lys residue

with an Ala were designed. Structural analysis of

such variants from S. typhimurium26 and Arabidop-

sis thaliana27 revealed that an external aldimine

had formed at the active site via a reaction with L-

methionine during protein production. The S. typhi-

murium enzyme showed a dynamic conformational

change to the closed form, although the L-

methionine complex of OASS from A. thaliana did

not show any major structural rearrangements upon

ligand binding. Another attempt to obtain the

substrate-bound structure was done with the OASS-

A (also referred to as CysK1) from M. tuberculosis.28

In this case, the a-aminoacrylate intermediate was

trapped by cryo-freezing after soaking the crystal in

a solution containing L-OAS [Figs. 5(D) and 6(C)].

The trapped structure is similar to that of the L-

methionine-bound S. typhimurium OASS. In addi-

tion, by using a similar method, carbanion (deproto-

nated L-serine) and aminoacrylate intermediates

were found in the crystal structure of CBS from Dro-

sophila melanogaster29 [Figs. 6(E) and 6(D)].

In the present study, the K42A variant of the L.

plantarum CBS, in which the catalytic Lys42 resi-

due is replaced by Ala, was generated. The crystal

structure of the L. plantarum CBS in a complex

with the L-methionine-bound external aldimine was

obtained from the crystal of the K42A variant grown

Figure 5. Ribbon diagrams of the crystal structures of the L. plantarum CBS. A: Dimeric structure of the K42A variant, which

noncovalently binds to the external aldimine formed between PLP and L-methionine. The two subunits are colored in magenta

and cyan. B: Monomeric structure (subunit A) of the L-methionine-bound L. plantarum CBS. C: Superposition of the monomeric

structures of the L. plantarum CBS. One of the L-methionine-unbound subunits and one of the L-methionine-bound subunits are

colored in purple and light green, respectively. Superposition was calculated to maximally fit large domains. The external aldi-

mine molecules formed between PLP and L-methionine are also shown. D: Monomeric structure of M. tuberculosis OASS-A

complexed with aminoacrylate intermediate. E: Structure of catalytic core of Drosophila CBS complexed with aminoacrylate

intermediate. F: Monomeric structure of the closed form of E. coli OASS-B, in which PLP forms internal aldimine. View direc-

tions in D–F are the same with the direction in B. PLP or its amino acid complex was shown in the stick model colored in

orange.
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in the presence of PLP and L-methionine, and

refined at a 3.3 Å resolution (Table II). One asym-

metric unit in the crystal contains four dimers.

Eight subunits in the asymmetric unit seem to take

closed conformations upon binding of L-methionine.

The structures resemble one another, partly because

the crystal structure was refined by imposing strong

noncrystallographic symmetry restraints, due to the

low quality of the crystal. One of four dimers was

extraordinarily defined in the poor electron density

map, indicating the imperfectness of the crystal.

The L-methionine-bound form of the L. planta-

rum CBS can be superimposed with the L-

methionine-unbound form with an rms deviation

between 0.77 and 1.00 Å for 303 Ca atoms. On the

other hand, when calculated using the Ca atoms

within each domain, rms deviation values decreased

(between 0.55 and 0.65 Å in the case of small

domains and between 0.39 and 0.52 Å in the case of

large domains). The active site in each of the eight

subunits determined seems to be closed by the rota-

tion of the small domain [Fig. 5(C)]. As a result, the

Pro93–Ser97 residues, which include the loop

between the b5-strand and the a3-helix, and the

Ser116–Lys121 residues, which include the loop

between the b6-strand and the a4-helix and the first

helical turn in the a4-helix, located in the small

domain move towards the residues Pro202–Ile225 in

the large domain [Fig. 6(B)]. In contrast to the L-

methionine-unbound form, the residues Pro202–

Ile225 in the L-methionine-bound form were clearly

defined in the electron density map.

The sequence homology search using the FASTA

program30 indicates that the L. plantarum CBS is

more similar to the bacterial OASS-As than to the

eukaryotic CBSs or to the bacterial OASS-Bs (Fig.

2). For examples, the amino acid sequence of the L.

plantarum CBS displays a 42% identity with that of

the M. tuberculosis OASS-A, a 38% identity with

that of Drosophila CBS, and a 35% identity with

Figure 6. Active site structure. A: Active site of the wild-type L. plantarum CBS in the open form in which the internal aldimine

is formed. B: Active site of the K42A variant of the L. plantarum CBS in the closed form bound to the external aldimine. C:

Active site of the M. tuberculosis OASS-A in the closed form bound to the a-aminoacrylate intermediate.28 D: Active site of the

Drosophila CBS in the closed form bound to the a-aminoacrylate intermediate.29 E: Active site of the E. coli OASS-B in the

closed form in which the internal aldimine is formed.33 Carbon atoms of PLP and the PLP-attached residue (Lys residue in A

and E) or PLP-attached compounds (L-methionine in B and a-aminoacrylate in C and D) are shown in light sky blue. F:

Substrate-binding pocket of the L. plantarum CBS in the closed form. G: Substrate-binding pocket of the M. tuberculosis

OASS-A in the closed form. In F & G, key amino acid residues are colored red or blue. External aldimine was shown in the stick

model colored in orange.
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that of the E. coli OASS-B. The structural similarity

search of proteins using the DALI program31 also

suggests that the L. plantarum CBS is more similar

to the bacterial OASS-A than to the eukaryotic CBS

or to the bacterial OASS-B. A structure-based

sequence alignment of the L. plantarum CBS with

CBS enzymes from other sources (H. pylori and D.

melanogaster) and OASS enzymes (OASS-A and

OASS-B from E. coli) is shown in Figure 2. The fig-

ure also includes the results of multiple sequence

alignments with other bacterial CBSs, which was

conducted with ClustalW.32

The L-methionine-bound form of the L. planta-

rum CBS can be well superimposed with the closed

form of OASS and CBS enzymes. The best matched

structure is the closed form (chain B) of the H. pylo-

ri CBS (unpublished data, PDB ID: 4R2V) with an

rms deviation of 1.1 Å for 302 Ca atoms. The H.

pylori CBS is annotated as cysteine synthase in

PDB. However, considering gene organization12 and

sequence similarity, the enzyme might have a CBS

activity coupled with the generation of H2S, like the

L. plantarum CBS. The second matched structure is

the closed form of the M. tuberculosis OASS-A28

(PDB ID: 2Q3D [Fig. 5(D)]) with an rms deviation of

1.5 Å for 301 Ca atoms. With respect to the similari-

ty to other class enzymes, the L. plantarum CBS

can be superimposed with the closed form of the

Drosophila CBS29 (PDB ID: 3PC3, [Figs. 5(E)]) with

an rms deviation of 1.8 Å for 300 Ca atoms, and

with that of the E. coli OASS-B33 (PDB ID: 2BHT,

[Fig. 5(F)]) with an rms deviation of 1.6 Å for 288

Ca atoms. In particular, the active site architecture

of the L. plantarum CBS is very similar to that of

bacterial OASS-As, but distinct from that of bacteri-

al OASS-Bs and eukaryotic CBSs (Fig. 6). This is

consistent with the finding that the L. plantarum

CBS cannot catalyze the general CBS reaction

exhibited by eukaryotic CBS and has a low activity

to synthesize S-sulfo-L-cysteine characteristic to bac-

terial OASS-B.

Active site of the L. plantarum CBS

In the crystal structure of the L. plantarum CBS, as

in the structures of the OASS and CBS enzymes

reported previously,1–3,14,15 the internal aldimine

bond is formed between the amino group of an

invariant Lys residue (Lys42) and PLP [Fig. 6(A)].

The pyridine ring of PLP forms hydrogen bonds

with invariant Asn72 and Ser263 residues (Figs. 2

and 7). On the other hand, its phosphate group

forms hydrogen bonds with the well-conserved

Gly176, Ser177, Gly178, and Thr180 residues (Fig.

7). Gly176 and Thr180 are almost invariant among

CBS and OASS enzymes (Fig. 2).

To compare the substrate-binding pocket among

bacterial CBS-A, OASS-A, OASS-B, and eukaryotic

CBS, the pocket structures in the closed forms of L.

plantarum CBS, M. tuberculosis OASS-A,28 Dro-

sophila CBS,29 and E. coli OASS-B33 are depicted in

Figure 6(B–E), respectively. The substrate-binding

pocket of the L. plantarum CBS was clarified by the

crystal structure of the L-methionine-bound form of

the K42A variant [Figs. 6(B) and 7]. The carboxyl

group of the external aldimine adduct forms hydro-

gen bonds with the hydroxyl oxygen atom of Thr69,

the Ne2 atom of Gln142, and backbone nitrogen

atoms of Ala70, Asn72, and Thr73 [Figs. 6(B) and 7].

In addition, the Oe1 atom of the Gln142 residue

forms a hydrogen bond with the hydroxyl group of a

conserved Thr73 residue. Thr69, Asn72, Thr73, and

Gln142 of the L. plantarum CBS are highly con-

served among OASS and CBS enzymes (Fig. 2), and

the structures of the carboxylate-binding site are

similar [Fig. 6(B–E)]. However, although Ala70 of

the L. plantarum CBS is conserved among bacterial

CBS-As, it is replaced by Ser in eukaryotic CBSs

and bacterial OASSs (Fig. 2).

The side chain of PLP-bound L-methionine is

surrounded by main-chain portions of Gly176 and

Gly219–Gly221 in the large domain and hydrophobic

side chains of Ala70, Phe96, Ile120, and Phe143 in

the small domain [Figs. 6(B) and 7]. The Glu223 res-

idue is positioned at the upper part of the L-

methionine side chain, as shown in Figure 6B. The

Ile120 residue in the L. plantarum CBS, which is

located at the opposite side of the Glu223 residue in

the substrate-binding pocket, is positioned in the N-

Figure 7. Schematic representation of the interactions

between the residues in the L. plantarum CBS and the exter-

nal aldimine molecule formed between PLP and L-

methionine.
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terminal part of the a4-helix [Fig. 6(A,B)]. Especial-

ly, the Glu223 residue in the L-methionine-bound

form interacts with the N-terminal part of the a4-

helix, which has a positive potential due to the helix

dipole effect [Fig. 6(B)].

When compared with the amino acid sequence

close to the Glu223 residue in the L. plantarum

CBS, a three-residue-insertion is observed in the

sequence of bacterial OSAA-Bs (Fig. 2). As a result,

the structure of this region in OASS-B, which may

be important for the binding of thiosulfate as the

second substrate, is very different from that of the

corresponding regions in the L. plantarum CBS

[Fig. 6(B,E)]. On the other hand, eukaryotic CBSs

have a three-residue-insertion in the sequence close

to a residue corresponding to Ile120 in the L. plan-

tarum CBS (Fig. 2). As a result, the structure of

this region in eukaryotic CBSs is very different

from that of the corresponding regions in the L.

plantarum CBS [Fig. 6(B,D)], and the size of the sec-

ond substrate-binding pocket in eukaryotic CBSs is

larger than that in the L. plantarum CBS. Amino acid

sequence comparison suggests that bacterial CBS-Bs

might have similar structures with eukaryotic ones in

this region (Fig. 2).

When compared with the amino acid sequences

close to the Ile120 and Glu223 residues in the L.

plantarum CBS, bacterial OASS-As display no inser-

tion or deletion (Fig. 2). The structure around the

Ile120 residue in the L. plantarum CBS, which

interacts with the Glu223 residue in the closed

form, is similar to that of the corresponding part in

the bacterial OASS-A enzymes [Fig. 6(B,C)]. Howev-

er, the Glu223 residue, which is conserved among

bacterial CBS-As, is replaced by Gly in bacterial

OASS-As (Fig. 2). Therefore, the inter-domain inter-

action is not formed in the bacterial OASS-As due to

the absence of a side chain in the corresponding Gly

residue [Fig. 6(B,C)]. The Glu223 residue in the L.

plantarum CBS seems to restrict the closure of the

two domains, thereby determining the lower limit of

the size of the substrate-binding pocket. In addition,

the side chain of the adjacent Val222 residue in the

L. plantarum CBS protrudes inside of the large

domain [Fig. 6(B)], whereas that of the correspond-

ing Ala residues in the bacterial OASS-A protrude

towards the substrate-binding pocket [Fig. 6(C)]. As

a result, the size of the second substrate-binding

pocket in the closed form of the L. plantarum CBS

is much larger than that of the bacterial OASS-As

[Fig. 6(F,G)].

Mutational analysis
Amino acid sequence and crystal structure of the L.

plantarum CBS are similar to those of bacterial

OASS-As, but the enzymatic properties of the L.

plantarum CBS are distinct from those of bacterial

OASS-As. The Ala70 and Glu223 residues, which

are present in the second substrate-binding pocket

in the L. plantarum CBS, are well conserved among

bacterial CBS-As, whereas they are replaced by the

Ser and Gly residues in the bacterial OASS-As,

respectively. To clarify the roles of the Ala70 and

Glu223 residues in the L. plantarum CBS, we

investigated the kinetic and spectroscopic properties

of the A70S and E223G variants of the enzyme

(Table I).

Similar to the wild type, when L-OAS (1 mM)

was added to the A70S variant (10 lM), the wave-

length showing the maximum absorbance shifted

from 412 to 470 nm, with a concomitant increase in

absorbance at 330 nm [Fig. 8(A)]. However, the titra-

tion analysis showed that the absorbance at 470 nm

of the variant was simply proportional to the concen-

trations of added L-OAS, until the concentrations of

L-OAS reached the concentration of the protein.

Therefore, although the apparent Kd value of this

variant towards L-OAS could not be determined, it

was estimated to be lower than that of the wild type

(5.1 6 0.2 lM, Table I). In addition, the formation of

pyruvate was not detected after addition of L-OAS to

the variant, in contrast to the result obtained from

the wild type. The Km value of the variant for L-OAS

was decreased 11- and 8.9-fold in the OASS reaction

and L-OAS-dependent CBS reaction, respectively

(Table I). On the other hand, the kcat value of the

variant was also decreased 28- and 22-fold in the

OASS and L-OAS-dependent CBS reactions, respec-

tively (Table I).

In contrast to the wild type, when L-cysteine (1

or 10 mM) was added to the variant, the wavelength

showing the maximum absorbance immediately

shifted from 412 to 470 nm, with a concomitant

increase in absorbance at 330 nm, suggesting the

accumulation of the aminoacrylate intermediate

[Fig. 8(B,C)]. Subsequently, the peak at 470 nm

decreased, together with a broadening of the peak.

The decrease in absorbance at 470 nm and the

broadening of the peak were accelerated by increas-

ing L-cysteine concentrations. When 1 mM lanthio-

nine was added to the variant, the wavelength

displaying the maximum absorbance immediately

shifted from 412 to 425 nm, together with a decrease

in absorbance and a broadening of the peak, while

absorbance at 325 nm was increased. Subsequently,

two absorption peaks at 455 and 480 nm gradually

appeared [Fig. 8(D)].

With respect to the H2S generation activity from

L-cysteine, the kcat/Km value of the A70S variant was

60-fold lower than that of the wild type (Table I). On

the other hand, with respect to the H2S generation

activity from a mixture of L-cysteine and L-

homocysteine, the Km value of the A70S variant for

the first substrate displayed a 2.0-fold decrease,

whereas the Km value for the second substrate dis-

played a 37-fold increment (Table I). As a result, the
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kcat/Km value of the A70S variant for L-cysteine is sim-

ilar with that of the wild type, whereas the kcat/Km

value for L-homocysteine is 93-fold decreased (Table

I). Evaluating the kcat/Km values, the enzymatic abili-

ty to utilize L-cysteine or L-homocysteine as a second

substrate is commonly lowered. Similarly, the kcat/Km

value of the variant for Na2S and L-homocysteine was

decreased 28- and 61-fold in the OASS and L-OAS-

dependent CBS reactions, respectively, mainly due to

the decrease in the kcat values (Table I). In summary,

the A70S variant exhibits an increased affinity

towards the first substrate, L-OAS or L-cysteine; how-

ever, its reactivity towards H2S, L-cysteine or L-

homocysteine as second substrates, is decreased.

Concerning the E223G variant, the addition of

L-OAS was found to induce aggregation of the pro-

tein. Therefore, the apparent Kd value towards L-

OAS and the kinetic parameters for the pyruvate

formation activity from L-OAS could not be deter-

mined. Similar to the case of the A70S variant, the

kcat value of the E223G variant was decreased 22-

and 32-fold in the OASS and L-OAS-dependent

CBS reactions, respectively. On the other hand,

the Km value of the variant for L-OAS was

increased to 3.5- and 4.5-fold in the OASS and L-

OAS-dependent CBS reactions, respectively. There-

fore, as shown in Table I, the kcat/Km value of

the variant for L-OAS (1.8 6 0.4 3 102 and 1.2 6

0.3 3 102 M21s21 for Reactions 1 and 2, respec-

tively) was decreased by two orders of magnitude

when compared to the wild type. On the other

hand, the Km value of the E223G variant for Na2S

in the OASS reaction and the value for L-

homocysteine in the L-OAS-dependent CBS reac-

tion were decreased than those of the wild type.

As a result, the kcat/Km value for Na2S in the

OASS reaction and the value for L-homocysteine in

the L-OAS-dependent CBS reaction were decreased

only 3.2- and 8.5-fold, respectively.

With respect to the H2S-generating activity from

L-cysteine, the kcat/Km value of the E223G variant

was 200-fold lower than that of the wild type due to

the decrease in the kcat value and the increase in the

Km value (Table I). Similarly, the E223G variant has a

decreased ability to generate H2S from a mixture of L-

cysteine and L-homocysteine, although the Km value

for L-homocysteine is slightly lower than that of the

wild type. The kcat/Km values for both L-cysteine and

L-homocysteine were decreased 150-fold and 17-fold,

respectively (Table I). In summary, the E223G variant

exhibits an increased affinity towards the second sub-

strate, Na2S or L-homocysteine, whereas it exhibits a

decreased affinity towards the first substrate, L-OAS

or L-cysteine. In addition, the maximum velocity of

the variant was decreased in all of the b-replacement

reactions.

Figure 8. Absorption spectrum of the A70S variant of the L. plantarum CBS. A: Absorption spectrum of solutions containing

10 lM A70S variant in the absence (solid line) or in the presence of 1 mM L-OAS (dotted line). B, C: Changes in the spectrum

after addition of 1 or 10 mM L-cysteine to a solution containing the A70S variant, respectively. D: Changes in the spectrum after

addition of 1 mM lanthionine to a solution containing the A70S variant. The bold line represents the spectrum before the addi-

tion of L-cysteine or lanthionine. The spectrum was recorded every 3 min.
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Discussion

H2S-generating ability of the L. plantarum CBS
Based on their amino acid sequences, bacterial

CBS-A enzymes are similar to OASS-A enzymes,

which directly generate L-cysteine by using L-OAS

and H2S, while bacterial CBS-B enzymes are simi-

lar to eukaryotic CBS enzymes. In humans, CBS

is known as one of the major physiological sources

to generate H2S.7 In the present study, we focused

on the enzymatic properties and structure of

the L. plantarum CBS-A as an H2S-generating

enzyme.

The L. plantarum CBS was not able to catalyze

the general CBS reaction exhibited by eukaryotic

forms. However, similar to the CBS enzyme from B.

subtilis,11 the L. plantarum CBS exhibits an L-OAS-

dependent CBS activity and an OASS activity (Fig.

3). Furthermore, although the enzymatic ability of

the L. plantarum CBS to generate H2S by condensa-

tion of two L-cysteine molecules is low, the enzyme

efficiently generates H2S from a mixture of L-

cysteine and L-homocysteine, together with the for-

mation of L-cystathionine (Table I).

The CBS and OASS enzymes have H2S-consum-

ing and H2S-generating activities in varying

degrees. For examples, eukaryotic CBSs can gener-

ate H2S from L-cysteine especially in the presence of

L-homocysteine,10 whereas they can generate L-

cysteine from L-serine and H2S with low catalytic

efficiency.34 On the other hand, although the main

activity of the OASS enzymes is the synthesis of L-

cysteine from L-OAS and H2S, they can generate

H2S from L-cysteine via the same mechanism with

eukaryotic CBSs.35

The kcat value in the H2S-consumig OASS reac-

tion of the L. plantarum CBS is significantly higher

than that in the H2S-generating reactions (Table I).

The reason should be that acetoxyl group in L-OAS

can be easily liberated from the active site than the

thiol group in L-cysteine due to the absence of the

reverse reaction. However, the kcat/Km value of the

enzyme for Na2S in the H2S-consumig L-cysteine

synthesis is comparable to that for L-homocysteine

in the H2S-generating cystathionine synthesis. It

should be noticed that the kcat/Km value of the L.

plantarum CBS for Na2S in L-cysteine synthesis is

much lower than that of general OASS enzymes

(e.g., 3.4 3 108 and 2.4 3 107 M21s21 for the E. coli

OASS-A36 and the S. typhimurium OASS-A37,

respectively). These results indicate that the L.

plantarum CBS is an H2S-generating enzyme, simi-

lar to eukaryotic CBSs, rather than an H2S-con-

suming enzyme. The preference of the L.

plantarum CBS towards L-homocysteine as a second

substrate, which is comparable with that towards

H2S, may be a factor associated with its ability to

generate H2S.

Characteristic residues in the substrate-binding

pocket of the L. plantarum CBS

To clarify the structural factors determining the

substrate preference of the L. plantarum CBS, its

crystal structures were determined. One is in an

open conformation without the substrate or its ana-

logs, while the other is in a closed conformation

bound with external aldimine formed between PLP

and L-methionine [Fig. 5(C)]. The overall structure

of the L. plantarum CBS is highly similar to that of

bacterial OASS-A enzymes [Fig. 5(B,D)]. However,

even in the closed form, the substrate-binding pock-

et of the L. plantarum CBS has a larger size com-

pared to bacterial OASS-As [Fig. 6(B,C,F,G)] due to

the following reasons: the lack of the hydroxyl

group of the Ala70 residue, which is replaced by

Ser in OASS-A enzymes (Fig. 2), the orientation of

the Val222 residue [Fig. 6(B)], which is replaced by

Ala in OASS-A enzymes (Fig. 2), and the inter-

domain interaction via the Glu223 residue [Fig.

6(B)], which is replaced by Gly in OASS-A enzymes

(Fig. 2).

The hydroxyl group of the Ser residue in

eukaryotic CBSs and bacterial OASSs, which is a

counterpart of Ala70 in the L. plantarum CBS,

might assist the binding of the first substrate (L-ser-

ine, L-OAS or L-cysteine) to form the external aldi-

mine with PLP, given that the group is expected to

be within hydrogen-bonding distance from the g-

position atom of the substrate amino acid (oxygen in

the case of L-serine or L-OAS, sulfur in the case of L-

cysteine). In fact, the corresponding hydrogen bond

is found in the crystal structure of Drosophila CBS

complexed with L-serine.29 In addition, the substitu-

tion of the Ser residue to Ala has been reported to

significantly diminish the catalytic efficiency of

yeast CBS.38 Similarly, the hydroxyl group of the

Ser residue might help the binding of the second

substrate (H2S, L-cysteine or L-homocysteine), given

that the hydroxyl group is expected to interact with

a sulfur atom of the second substrate. The increased

hydrophobicity caused by the substitution to Ala in

the L. plantarum CBS seems to be a disadvantage

for the enzymatic function.

The orientation of the Ala residue in the bacte-

rial OASS-A, which is a counterpart of Val222 in

the L. plantarum CBS, may be determined by the

particular backbone conformation of this region,

since the Ala residue is sandwiched by invariant

Gly residues having large freedom in backbone tor-

sion angles (Fig. 2). In the L. plantarum CBS, the

orientation of the side chain of the Val222 residue

seems to be differently fixed, since the conformation

of the next Glu223 residue is restricted. In addition,

the Glu223 residue itself seems to restrict the clo-

sure of the two domains by forming the inter-

domain interactions [Fig. 6(B,F)]. We assume that

the pocket size of the L. plantarum CBS is largely
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adjusted by the Glu223 residue conserved among

bacterial CBS-As.

Interpretation of the spectroscopic study

Spectroscopic analyses of the bacterial OASS and

eukaryotic CBS enzymes demonstrate that the b-

replacement reaction progresses through the forma-

tion of the aminoacrylate intermediate.8–10,22–24,35 In

the case of OASS, the intermediate was clearly

observed when mixed with L-OAS. On the other

hand, in the case of eukaryotic CBS, the intermedi-

ate was generated by the addition of L-serine, and

immediately after the addition of L-cysteine or L-

cystathionine. As found in the OASS enzymes, addi-

tion of L-OAS to the L. plantarum CBS generates

the aminoacrylate intermediate [Fig. 4(A)], although

the intermediate was significantly degraded to pyru-

vate (Reaction 3 in Table I). On the other hand,

the spectra characteristic to the aminoacrylate inter-

mediate was not observed after the addition of

L-cysteine or lanthionine to the L. plantarum CBS

[Fig. 4(B–D)], at least under the current condition

using the ordinary spectrometer.

Figure 9 shows possible structures formed after

the addition of L-cysteine or L-lanthionine to the L.

plantarum CBS. Addition of each amino acid is

expected to generate the corresponding external

aldimine immediately. The L-cysteine- and L-

lanthionine-bound external aldimine would be fur-

ther converted to the aminoacrylate intermediate,

together with the release of H2S and L-cysteine,

respectively.

Spectroscopic analysis indicated that the amino-

acrylate intermediate did not accumulate after addi-

tion of L-cysteine [Fig. 4(B,C)]. The main species

observed after the addition of L-cysteine may be L-

lanthionine-bound aldimine. That is, prior to the

degradation of the intermediate to pyruvate, a thiol

group of the second L-cysteine would quickly attack

to the b-carbon of the intermediate to generate it.

Alternatively, it is also possible that the released

H2S reacts with the intermediate to regenerate L-

cysteine-bound aldimine. Therefore, in the reaction

Figure 9. Possible structures formed after addition of L-cysteine or L-lanthionine to the L. plantarum CBS. Concerning the

external aldimine formed between PLP and L-cysteine, the enolimine tautomer might be contained in a higher ratio than the

ketoenamine tautomer. Condensation of two L-cysteine molecules to generate L-lanthionine progresses through the formation of

the aminoacrylate intermediate. With regard to the reaction with L-lanthionine, external aldimine is likely to be converted to the

quinonoid intermediate by deprotonation.
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mixture, L-cysteine- and L-lanthionine-bound exter-

nal aldimines might be present.

During the late incubation period after addition

of lanthionine, the absorbance between 430 and

500 nm increased [Fig. 4(D)]. The quinonoid form of

the external aldimine, which is considered to be an

intermediate in the reaction of some PLP-requiring

enzymes, such as tryptophan synthase, are known

to have an absorption peak at long wavelengths

(about 500 nm).39 Although the actual species gen-

erated by the enzyme reaction is currently

unknown, the species with absorption peak at

480 nm might be a quinonoid form of the L-

lanthionine-bound external aldimine, which corre-

sponds to one of the deprotonated forms (Fig. 9). If

so, L-lanthionine-bound external aldimine and its

quinonoid form might be present together with the

aminoacrylate intermediate in the reaction mixture.

The quinonoid-like peak was also found during the

late incubation period after the addition of L-

cysteine [Fig. 4(B,C)], although the molar ratio

would be low.

When an L-amino acid-bound external aldimine

is generated within OASS, two tautomers are

known to be formed. It has been suggested that the

ketoenamine tautomer has a maximum absorbance

at approximately 420 nm, while the enolimine tau-

tomer has a maximum absorbance at approximately

330 nm.40 The main species, which was quickly gen-

erated after addition of L-cysteine or lanthionine, is

likely to be the ketoenamine tautomer of the L-

lanthionine-bound external aldimine (Fig. 9). The

species formed at the stationary phase are depen-

dent on the concentrations of L-cysteine, L-lanthio-

nine, and H2S present in the reaction mixture.

Based on kinetic parameters (Table I), H2S is more

reactive to the aminoacrylate intermediate than L-

cysteine. If the concentration of the added L-

cysteine is high enough, the ratio of L-cysteine-

bound external aldimine is expected to be increased

in the stationary phase. This is because L-

lanthionine, which forms an external aldimine with

PLP, would be replaced by a high concentration of

L-cysteine, and the generated L-cysteine-bound aldi-

mine is likely unreactive due to the high concentra-

tion of H2S present in solution. Based on the results

obtained with different concentrations of L-cysteine

[Fig. 4(B,C)], the ratio of the enolimine tautomer is

likely high for the L-cysteine-bound external

aldimine generated within the L. plantarum CBS

(Fig. 9).

Importance of Ala70 and Glu223 on the H2S-
generatinig activity

The L. plantarum CBS, which generates H2S from

L-cysteine especially in the presence of L-

homocysteine, is structurally similar with bacterial

OASS-As, which utilizes H2S to synthesize L-

cysteine. However, the Ala70 and Glu223 residues

existing in the substrate-binding pocket of the L.

plantarum CBS are replaced by Ser and Gly in the

bacterial OASS-As, respectively (Fig. 2).

Spectroscopic analysis of the A70S variant of

the L. plantarum CBS demonstrated that, different-

ly from the case of wild type, aminoacrylate interme-

diate was accumulated by the addition of L-cysteine

[Fig. 8(B,C)]. However, if the concentration of L-

cysteine is high enough, a part of the intermediate

would be converted to L-lanthionine-bound external

aldimine by reaction with the second L-cysteine mol-

ecule. Based on the profile of the spectrum, enoli-

mine tautomer of the L-cysteine-bound external

aldimine might coexist with aminoacrylate interme-

diate at the stationary phase after the addition of

high concentration of L-cysteine to the A70S variant

[Fig. 8(C)]. The L-cysteine-bound external aldimine

would be increased in a similar way for the wild

type. It should be noticed that the A70S substitution

elongates the life of the aminoacrylate intermediate

probably due to a lowered reactivity with H2S or

another L-cysteine as a second substrate (Table I).

Kinetic and affinity analyses of the A70S vari-

ant clearly indicate that the substitution increases

its affinity towards L-OAS and L-cysteine as first

substrates (Table I). Moreover, the variant lost the

activity to form pyruvate from L-OAS, indicating

that the substitution increased the stability of the

aminoacrylate intermediate. In fact, the substitution

of the corresponding Ser residue to Ala in the yeast

CBS has been reported to induce the a,b-elimination

activity to synthesize pyruvate in the reaction mix-

ture.38 The similar substitution on the Salmonella

OASS-A was shown to reduce the rate constant for

the aminoacrylate formation from L-OAS.41 The

introduced hydroxyl group in the A70S variant is

likely to increase the affinities towards the first sub-

strates (L-OAS and L-cysteine) by forming a hydro-

gen bond with the atom in the g-position.

Additionally, the introduced hydroxyl group might

prevent the invasion of a water molecule into the

active site, leading to the stabilization of the amino-

acrylate intermediate.

On the other hand, the substitution decreases

the reactivity towards second substrates (H2S, L-

cysteine, and L-homocysteine). Although the reason

is currently unknown, we presumed that the

hydrogen-bonding interaction, which should be

formed between the nucleophilic atom of the second

substrate and the introduced hydroxyl group in the

A70S variant, inhibits the movement of the nucleo-

philic atom towards the position suitable for the b-

replacement reaction, which may lead to the reduc-

tion of the kcat values (Reactions 1, 2, and 5 in

Table I). These propositions are also supported by

the spectroscopic results that indicate the great sta-

bility of the aminoacrylate intermediate formed after
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the addition of L-cysteine [Fig. 8(B,C)]. In addition,

in the reactions using L-cysteine as a first substrate

(Reactions 4 and 5 in Table I), H2S molecule

derived from L-cysteine would remain at the

substrate-binding site due to the interaction with

the introduced hydroxyl group, thereby increasing

the Km values for the second substrates (L-cysteine

or L-homocysteine).

With respect to the reactivity of the E223G vari-

ant, the kcat values in all of the b-replacement reac-

tions were decreased (Table I). In this variant, the

substrate-binding pocket is expected to be narrower

than that of the wild type, which might inhibit the

release of the products. On the other hand, although

the Km values for the second substrate (Na2S or L-

homocysteine) were decreased, those for the first

substrate (L-OAS or L-cysteine) were increased

(Table I). To accommodate the first substrate in the

narrow substrate-binding pocket, the hydrogen-

bonding interactions would be required to offset the

steric disadvantage. One of the hydrogen bonds

might be formed by using the Ser residue conserved

among OASS enzymes, however, the residue corre-

sponds to Ala70 in the L. plantarum CBS. On the

other hand, the narrow substrate-binding pocket in

this variant assists the binding of the second sub-

strate to the position in which the nucleophilic atom

can attack the aminoacrylate intermediate.

Currently, the residues in the L. plantarum

CBS that interact with L-cysteine or L-homocysteine

as a second substrate are unknown. Considering the

architecture of the substrate-binding pocket [Fig.

6(B)], a possible interaction might occur between the

amino group of L-cysteine or L-homocysteine and the

carboxyl group of the Glu223 residue, although its

substitution to Gly did not increase the Km value for

L-homocysteine (Table I). It has been reported that

the substitution of an Asp residue to Ala in the

yeast CBS, which is correspondent with Glu223 of

the L. plantarum CBS, increased Km for L-

homocysteine. This suggests that the carboxyl group

at this position interacts with the amino group of L-

homocysteine.42 In addition, given that an imidazole

group of the His215 residue, which is conserved

among the bacterial CBS-A enzymes, is positioned

near the Glu223 residue, the positive charge on the

His215 imidazole might help the interaction with

the carboxyl group of the second substrate.

Conclusion
In summary, the catalytic site of the L. plantarum

CBS is larger and more hydrophobic than that of

bacterial OASS-A enzymes [Fig. 6(B,C,F,G)].

Although the hydrophobic nature of the catalytic

site pocket is a disadvantage for the binding of L-

cysteine as a first substrate, the large size charac-

teristic might allow the binding of L-cysteine. On

the other hand, the hydrophobic characteristic of

the pocket seems to allow the productive binding of

L-homocysteine as a second substrate. In addition,

the large size and the hydrophobic characteristics

may be helpful for the release of H2S and L-

cystathionine from the active site. Therefore, the L.

plantarum CBS can efficiently generate H2S from a

mixture of L-cysteine and L-homocysteine.

Another research group has reported that the

suppression of H2S generation in bacteria made them

more sensitive to various antibiotics.16 The com-

pounds, which specifically inhibit the L. plantarum

CBS, are expected to suppress H2S generation in the

pathogen possessing CBS-A enzymes, and might

become drugs to enhance the effect of antibiotics

against bacteria. A screening of substances inhibitory

to the L. plantarum CBS is in progress.

Materials and Methods

Preparation of the L. plantarum CBS

A gene encoding CBS from L. plantarum SN35N

was amplified by PCR with the KOD DNA polymer-

ase (TOYOBO) using a sense primer, 50-ATATCA-

TATGCTCATTCAGCACGTTCAAGAACTTATC-30

(NdeI site underlined), and an antisense primer, 50-

ATATCTCGAGTTTCGTATAGATTTTTTGGCTCAGA-

30 (XhoI site underlined). The amplified DNA frag-

ment was digested with NdeI and XhoI and inserted

into the pET-21a(1) vector (Novagen) to generate an

expression plasmid for CBS. E. coli BL21(DE3) cells

harboring the expression vector were grown at 288C

in Overnight Express Autoinduction System 1

(Novagen). Cells were harvested by centrifugation

and disrupted by sonication. C-terminal His6-tagged

CBS was purified by Ni(II) affinity chromatography

using the His-Bind resin (Novagen) according to the

supplier’s instructions. The fractions containing CBS

were dialyzed against a 20 mM Tris–HCl buffer

(pH 7.5) containing 0.2 M NaCl, 1 mM EDTA, and

0.2 mM PLP.

By using the pET-28a(1) vector (Novagen) and

the amplified CBS gene containing stop codon, we

tried to obtain the construct to express the N-termi-

nal His6-tagged CBS, whose tag sequence can be

removed by thrombin cleavage. However, since the

recombinant protein was found in the insolubilized

fraction, we used the C-terminal His6-tagged CBS

for all the experiments. The C-terminal region in

the M. tuberculosis OASS-B (also called CysM),

which has a long C-terminal extension sequence,

has been reported to regulate the catalytic activity

by inserting to the active site.43 In the current crys-

tal structures, the C-terminal His6-tag sequence is

invisible in the electron density map, and the visible

C-terminal residues are found at the protein

surface.

778 PROTEINSCIENCE.ORG Crystal Structure of Bacterial CBS-A



Mutagenesis

The QuikChange Site-Directed Mutagenesis Kit

(Stratagene) was used to generate the CBS variants

K42A and A70S according to the supplier’s instruc-

tions. The mutagenic primers containing the desired

mutations (underlined) were as follows (sense only):

50-CGGCGGCAGTATTGCGGACCGGCTGGGAG-30

(K42A) and 50-CAACGATTATTGAACCAACTTCTGG-

TAACACCGG-30 (A70S). On the other hand, the

KOD -Plus- Mutagenesis Kit (TOYOBO) was used to

generate the E223G variant according to the supplier’s

instructions. The mutagenic primers containing the

desired mutations (underlined) were as follows: 50-

GGATTCATCCCACCATTTTTCGATCAGG-30 (sense),

50-GACGCCGATTCCCTCGGTACG-30 (antisense). To

generate the expression vector for the CBS variant,

the vector for wild-type CBS was amplified using sense

and antisense primers. The mutation was confirmed

by DNA sequencing. Expression and purification of

substituted proteins were conducted using the same

method employed for the wild type. For the K42A vari-

ant, 1 mM PLP and 10 mM L-methionine were added

to all the buffers used for the purification to avoid

precipitation.

Analysis of molecular mass

molecular mass of the purified enzymes was estimat-

ed by HPLC using a Superdex 200 10/300 GL col-

umn (GE Healthcare) at 0.40 mL min21 with 50 mM

sodium phosphate buffer (pH 7.0) containing 0.15 M

NaCl. The proteins used for calibration were as fol-

lows: ferritin (440 kDa), bovine serum albumin

(67 kDa), ovalbumin (43 kDa), and RNase A

(13.7 kDa). Proteins were detected at 280 nm using

a multiwavelength detector (MD-2010, JASCO).

Absorption spectroscopy

Prior to spectroscopic analysis, CBS was dialyzed

against 100 mM potassium phosphate buffer (pH 7.5)

containing 1 mM EDTA, 0.2 M NaCl, and 1 lM PLP.

The absorption spectrum of CBS (10 lM) in the

absence or presence of given concentrations of L-OAS,

L-cysteine, or lanthionine was recorded between 250

and 500 nm using a V-550 spectrophotometer

(JASCO). In all cases, tris(2-carboxyethyl)phosphine

was added to the buffer at a final concentration of

10 mM before the measurement. The mixture was

measured in a 1-cm pathlength cuvette at 208C.

The binding affinities of the wild-type CBS or

its variants for L-OAS were measured by monitoring

changes in the absorbance of PLP. The starting vol-

ume of the reaction mixture was 400 lL, and 3–6 lL

of the L-OAS solution were added continuously. The

titration range of substrate concentration was 0.1–

370 lM. The apparent Kd for L-OAS was calculated

by fitting data to the following equation.

Abs

Et
2

AbsðLt50Þ
Et ðLt50Þ

5
Amax � L
Kd1L

(1)

In Eq. (1), Abs is the absorbance at 470 nm in the

presence of CBS and L-OAS at the concentrations of

Et and Lt, respectively. Amax is the maximum differ-

ence of absorbance at 470 nm of the unitary concen-

tration of CBS, caused by the complete binding of L-

OAS to the enzyme and the following conversion

into the aminoacrylate intermediate. L is the con-

centration of unbound L-OAS, which is calculated as

follows:

L5
Lt2Et2Kd1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLt2Et2KdÞ214 � Lt �Kd

q

2
(2)

Amax and Kd were determined with the least square

method.

Product analysis

Before measurement of the enzymatic activity of

CBS, stock solutions of L-OAS (HCl form), Na2S,

sodium thiosulfate, L-cysteine, and L-homocysteine

were freshly prepared, and their pHs were adjusted

to about 7 using HCl or NaOH.

The OASS activity of the L. plantarum CBS was

measured under the various pH conditions (pH 4.0–

9.15 in broad-range buffer containing 3,3-dimethyl-

glutaric acid, Tris, and 2-amino-2-methyl-1,3-pro-

panediol, pH 6.0–8.0 in HEPES–KOH buffer). The pH

of 7.5 in the HEPES–KOH buffer was found to maxi-

mize the activity. Formation of the enzymatic product

was conveniently analyzed by TLC using silica gel 60

F254 (Merck). The reaction mixture, consisting of

100 mM HEPES–KOH (pH 7.5), 10 mM tris(2-carbox-

yethyl)phosphine, 10 mM first substrate (L-OAS, L-

serine, or L-cysteine) and 10 mM second substrate

(Na2S, sodium thiosulfate, or L-homocysteine), and

10–500 lg mL21 CBS, was incubated at 378C. As a

control, the same reaction mixture without CBS was

used. After an overnight incubation, the enzymatic

reaction was stopped by incubating at 1008C for

5 min, and the precipitate was removed by centrifuga-

tion. The supernatant was used for product analysis.

To detect L-cysteine and L-homocysteine, the superna-

tant was mixed with an equivalent volume of a

10 mM N-ethylmaleimide solution and incubated at

room temperature for 20 min before TLC analysis.

The solvent used for the chromatogram was 2-

butanone-pyridine-water (18:5:10). Amino acids were

visualized using ninhydrin. When L-OAS was used as

a first substrate, L-serine was detected in the reaction

mixture. We found that boiling treatment of L-OAS

stimulated the generation of L-serine.
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Generation of L-serine, L-lanthionine, or L-

cystathionine in the reaction mixture was also ana-

lyzed by HPLC after derivatization with O-phthal-

dialdehyde and mercaptoethanol.44 After a reaction

mixture (100 lL) consisting of 100 mM HEPES-

KOH (pH 7.5), 10 mM L-cysteine or 10 mM L-OAS,

and 10 lg mL21 CBS was incubated at 378C for 30

min in the presence or absence of 10 mM L-

homocysteine, the reaction was stopped by addition

of 10 lL of 50% trichloroacetic acid, and the precip-

itate was removed by centrifugation. The pH of the

supernatant was neutralized to about 7 with a

small amount of NaOH, and 440 lL of 0.2 M borate

buffer (pH 9.6) was added. A 50 lL aliquot of each

sample was derivatized with 25 lL of 0.2 M sodium

borate buffer (pH 9.6) containing 90 mM O-phthal-

dialdehyde, 180 mM 2-mercaptoethanol, and 10%

(v/v) methanol for 1 min at room temperature. A

10 lL aliquot of the derivatized sample was

injected into an ODS-A column (YMC,

100 3 4.6 mM) equilibrated with 80% solvent A

(100 mM sodium acetate at pH 4.75) and 20% sol-

vent B (methanol). The ratio of solvent B linearly

increased from 20 to 50% in 10 min, and from 50 to

100% in the next 10 min. The flow rate was set to

1.0 mL min21. A derivative from the product was

detected measuring the absorbance at 340 nm with

a multi-wavelength detector. We found that the

amount of L-serine formed from L-OAS with CBS

was almost the same as that formed in the absence

of CBS.

Kinetic analysis

In general, the continuous assay is a superior meth-

od for the kinetic analysis than the end product

assay, since the former method is not influenced by

the product inhibition. However, the method conve-

nient to measure the concentration of the synthe-

sized L-cysteine (in the presence of Na2S) and L-

cystathionine is absent. Therefore, we have

employed the end product assay method for the mea-

surement of the OASS and L-OAS dependent CBS

reactions. The concentration range of substrate was

set to cover the Km value. However, we did not veri-

fy the kinetic response under the conditions where

the substrate concentration exceeds the upper limits

(100 mM for L-OAS, 40 mM for L-homocysteine,

4 mM for Na2S, and 150 mM for L-cysteine).

The ability of CBS to synthesize L-cysteine was

determined using a colorimetric method.45 To deter-

mine the kinetic parameters, a reaction mixture

(100 lL), consisting of 100 mM HEPES-KOH (pH

7.5), 1 mM tris(2-carboxyethyl)phosphine, 0.2–

100 mM L-OAS, 0.1–4 mM Na2S, and CBS at the

appropriate concentration was incubated at 378C for

10 min. The amount of enzyme added to the reaction

mixture was adjusted so that the amount of the

enzymatic products is less than 30% of the

maximum amount which is estimated from the ini-

tial concentrations of two substrates (1, 20, and

5 lg mL21 in the case of wild type, A70S variant,

and E223G variant, respectively). The enzyme reac-

tion was stopped by addition of 250 lL of a solution

containing 0.2 M H2SO4 and 1 mM NaNO2. The

amount of L-cysteine formed by CBS was determined

with the procedure described previously.45

The ability of CBS to synthesize L-cystathionine

was also determined using the colorimetric method.46

To determine the kinetic parameters, the reaction

mixture (100 lL), consisting of 100 mM HEPES–KOH

(pH 7.5), 1 mM tris(2-carboxyethyl)phosphine, 0.2–

100 mM L-OAS, 0.1–20 mM L-homocysteine, and

appropriate amount of enzyme (1, 20, and 10 lg mL21

in the case of wild type, A70S variant, and E223G var-

iant, respectively), was incubated at 378C for 10 min.

Enzyme activity was stopped by addition of 10 lL of

50% trichloroacetic acid. The amount of L-

cystathionine formed by CBS was determined with

the method described previously.46

The ability of CBS to generate H2S from L-

cysteine or from a mixture of L-cysteine and L-

homocysteine was measured in the presence of lea-

d(II) acetate.47 Formation of PbS was continuously

monitored measuring the absorbance at 390 nm. To

determine the kinetic parameters, the reaction mix-

ture (0.6 mL), consisting of 100 mM HEPES–KOH

(pH 7.5), 1 mM tris(2-carboxyethyl)phosphine, 1–

150 mM L-cysteine, and appropriate concentrations

of CBS (7.5, 75, and 75 lg mL21 in the case of wild

type, A70S variant, and E223G variant, respective-

ly), was incubated at 378C. In addition, the reaction

mixture (0.6 mL), consisting of 100 mM HEPES–

KOH (pH 7.5), 1 mM tris(2-carboxyethyl)phosphine,

1–150 mM L-cysteine, 0.1–40 mM L-homocysteine,

and appropriate concentrations of CBS (5, 10, and

25 lg mL21 in the case of wild type, A70S variant,

and E223G variant, respectively), was incubated at

378C. A molar extinction coefficient of

5,500 M–1 cm21 was used for lead sulfide. Lead ace-

tate (0.4 mM) did not inhibit L-OAS-dependent CBS

activity measured in the above assay.

The ability of CBS to generate pyruvate from L-

OAS was measured in the presence of L-lactate dehy-

drogenase and NADH. Formation of pyruvate was

detected by continuous monitoring of the absorbance

at 340 nm. To determine the kinetic parameters for L-

OAS, the reaction mixture (0.6 mL), consisting of

100 mM HEPES–KOH (pH 7.5), 0.2 mM NADH,

20 U mL21
L-lactate dehydrogenase, 0.01–1 mM L-

OAS, and 500 lg mL21 CBS, was incubated at 378C.

Each measurement was done in duplicate. CBS

generally catalyzes a two-substrate reaction with a

ping-pong mechanism.22 In this case, initial reaction

rates at different substrate concentrations are

expressed by Eq. (3).
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v5
kcat � Et � SA � SB

KB
m � SA1KA

m � SB1SA � SB
(3)

In Eq. (3), v is the initial velocity, Et, SA, and SB are

the concentrations of the enzyme, the first substrate,

and the second substrate, respectively, and kcat and

Km are the catalytic and the Michaelis–Menten con-

stants, respectively. The kcat and two Km values were

evaluated using the nonlinear least square method by

fitting to Eq. (3). For H2S generation from a mixture of

L-cysteine and L-homocysteine, the generation should

be coupled with the formation of L-cystathionine and

L-lanthionine. Kinetic parameters were determined

after subtracting the estimate of the H2S generation

accompanied with the L-lanthionine synthesis.

When using single substrate (Reactions 3 and

4 in Fig. 3), kcat and Km values were evaluated

using the nonlinear least square method by fitting to

Eq. (4).

v5
kcat � Et � S

Km1S
(4)

For H2S generation from L-cysteine, the first and

the second substrate concentrations are identical.

The Km value determined means the sum of two

Michaelis–Menten constants. In the case of Reac-

tion 4 of A70S mutant (Table I), kcat/Km value for L-

cysteine was calculated from the slope of the

straight line in the kinetic graph.

In some cases, substrate inhibition was strongly

suggested. In this case, data were fitted to (5).

v5
kcat � Et � SA � SB

KB
m � SA � 11 SA

KA
I1

� �
1KA

m � SB � 11 SB

KB
I1

� �
1SA � 11 SA

KA
I2

� �
� SB 11 SB

KB
I2

� � (5)

The KI values are the constants for substrate

inhibition. In the H2S-generation activity from the

mixture of L-cysteine and L-homocysteine, substrate

inhibition was observed for the both substrates. In

the presence of high concentration of L-cysteine, L-

lanthionine synthesis is stimulated instead of the L-

cystathionine synthesis, which may lead to the

decrease in the H2S generation. Therefore, kinetic

parameters were determined using data obtained in

the presence of low concentrations of L-cysteine

where the substrate inhibition does not occur.

Crystallography

Prior to crystallization, the CBS solution was con-

centrated to 10 mg mL21 using Amicon Ultra filters

(Millipore). CBS crystals were grown using the

sitting-drop vapor-diffusion method, with a 1:1 (v/v)

ratio of protein solution to precipitant solution.

Stick-like crystals were formed within 3 days by

using a 0.1 M HEPES–NaOH buffer (pH 8.0) con-

taining 0.7 M Li2SO4 as a precipitant solution.

Crystals were flash-frozen before data collection

with a cryoprotectant containing 30% (v/v) glycerol.

Diffraction intensities of the crystals were collected

using synchrotron radiation from BL38B1 at SPring-

8 (Hyogo, Japan). X-ray diffraction was measured

with a CCD camera at the station, and intensities

were integrated and scaled using the combination of

the Mosflm and Scala programs in the CCP4 pro-

gram suite.48 The tertiary structure of CBS was

revealed by the molecular replacement method using

the atomic coordinates of the M. tuberculosis OASS-

Table II. Data Collection and Refinement Statistics

Data set Wild type K42A

Data collection
Space group C2 P43212

Cell dimensions
a (Å) 139.89 165.94
b (Å) 146.34 165.94
c (Å) 82.79 259.59
b (�) 90.00 90

Wavelength (Å) 1.00000 1.00000
Resolution (Å) 100–2.40 100–3.30
Unique reflections 62,935 55,046
Redundancya 3.4 (2.5) 5.8 (6.0)
Completeness (%)a 97.6 (85.0) 99.9 (100)
Rmerge (%)a,b 6.4 (41.2) 7.2 (49.8)
I/ra 19.8 (2.0) 26.2 (3.8)

Refinement
Resolution (Å) 30–2.40 30–3.30
Used reflections 62,494 53,762

No. of atoms
Protein 9,076 18,120
Ligand 204 272
Water 406 0
R (%) 18.9 23.8
Rfree (%) 22.1 28.3

Rms deviationsc

Bond length (Å) 0.006 0.009
Bond angle (�) 1.2 1.3

Mean B-factor (Å2)
Protein 52.0 45.5
Ligand 74.3 53.6
Water 53.9 –

Ramachandran plot (%)
Favored 96.0 91.2
Allowed 3.4 8.2
Outliers 0.7 0.6

a Values in parentheses are for the highest resolution bin.
b Rmerge 5 R|I 2hIi |/RI, where hIi is the observed intensi-
ty and is the mean value of I.
c Rms deviations are calculated by CNS.49
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A28 (PDB code: 2Q3D), as a search model and the

program Molrep in the CCP4 program suite.48 The

model was refined by simulated annealing and con-

ventional restrained refinement methods using the

CNS program.49 A subset of 5% of the reflections

was used to monitor the free R factor (Rfree).
50 Each

refinement cycle includes the refinement of the posi-

tional parameters and individual isotropic B-factors,

and the revision of the model, which was visualized

by the program Xfit from the XtalView software

package.51

Like the wild-type CBS solution, the solution of

the K42A variant was concentrated to 10 mg mL21

using Amicon Ultra filters. The substituted protein

was crystallized within 1 month using a 0.1 M sodium

citrate buffer (pH 5.6) containing 0.5 M (NH4)2SO4

and 1.2 M Li2SO4 as a precipitant solution. X-ray dif-

fraction intensities of the crystal were collected using

synchrotron radiation from BL38B1 at SPring-8. Dif-

fraction intensities were integrated and scaled using

the HKL2000 program.52 The structure was solved by

molecular replacement using Molrep, and refined by

CNS. Details of data collection and refinement statis-

tics are shown in Table II.
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